revealed that α-amylase is a key factor in grain chalkiness. Here we discuss unique new functions of α-amylase in rice cells. 
an additional β-sheet domain at the C-terminus (PDB ID: 3WN6 [28] , Fig. 1 ). Barley (Hordeum vulgare) α-amylases AMY1 and AMY2 exhibit 73% and 80%, respectively, amino acid sequence similarities to AmyI-1. Superimposition analysis using the AMY1 structure (PDB ID: 1RP8 [33] ) indicates striking similarities of the main-chain structures to that of AmyI-1 [28] .
The AMY1-maltoheptaose (Glc7) complex contains one maltooligosaccharide molecule bound to the active centre and two molecules bound to two sites on the molecular surface (PDB ID: 1RP8 [33] ). These two surface-binding sites (SBSs 1 and 2) actively participate in binding with starch to improve the efficiency of starch hydrolysis. Superimposition analysis of motifs in AmyI-1 and AMY1 around the active site and the two SBSs shows that they are almost identical. The close alignment of the orientation of the amino acid residues Trp 301 and Trp 302 , which constitute SBS1 (Fig. 1 , upper inset), and Tyr 403 and His
418
, which constitute SBS2 (Fig. 1 , lower inset), suggests that the functions of the two SBSs in both AmyI-1 and AMY1 are similar. Previous study in AMY1 suggested that SBS1 is an initial site for AMY1 attachment to the starch granule surface, whereas the SBS2 is a supporting site for substrate binding near the α-1,6 branching point. That is, it is considered that these two sites act in concert to localize AMY1 to the starch granule surface and SBS2 works synergistically with the active site in the degradation of amylopectin [34] . Interestingly, in the AmyI-1 structure, a tartaric acid molecule derived from the crystallization reagent observed in the binding pocket of SBS1 in AmyI-1 showed significant average B-factors. This binding can be characterized only by low-affinity specific binding of tartaric acid to the indole ring of tryptophan because each AmyI-1 molecule has a weak interaction with one or two direct hydrogen bonds. These observations suggest that SBSs play alternative roles in addition to starch degradation.
AmyI-1 and barley α-amylases show structural similarities at the active site. In GH13 α-amylases, hydrolytic activity derives from "Asp-Glu-Asp" [35] 72 and Leu 321 in AmyI-1 are not conserved in barley α-amylases. These residues are positioned at subsite -3 and +2, respectively [28] , suggesting a slight difference in the substrate recognition mechanism of these enzymes. Subsequent mutational analysis will give us further important clue to elucidate it.
Structural studies further demonstrate that AmyI-1 and barley α-amylases differ structurally at the N-linked sugar chain binding site on the opposite side to the active centre. Here, AmyI-1 has the Asn-Ala-Thr consensus sequence [15] .
Amy2
, and Amy3 subfamilies [20] . The gene expression of α-amylase is regulated by metabolic sugars, such as glucose and sucrose [23] , in addition to the hormonal regulation via GAs and abscisic acid [24] . Characterization of the interactions of transcription factors and sugar/ GA-responsive elements in the promoter region of Amy3E indicates the operation of converging starvation signals and hormone crosstalk in regulating nutrient mobilization during the germination [25] . The relationship between genes and enzyme isoforms has been partially determined by protein sequencing, mass spectrometry, and serological epitope properties [18, 19] . AmyI-1 is encoded by Amy1A, AmyII-3 by Amy3E, AmyII-4 by Amy3D, AmyII-5 by Amy3B, and AmyII-6 by Amy3C. A single gene encodes several isoforms with different isoelectric points through post-translational modification by deamination [26] , protonation [27] , and binding of Ca 2+ [28] . α-Amylase is a well-known metalloenzyme, requiring Ca 2+ for its enzymatic activity [18, 29] . Intriguingly, GA and sugar starvation signals in cereals cause a remarkable increase of cytoplasmic Ca 2+ concentration [8, 10] , which stimulates the expression and secretion of α-amylases in cereals [9] . Thus, Ca 2+ is essential for the post-translational regulation of α-amylase expression and secretion, in addition to the activity and stability of the enzyme.
Structure biological aspect
α-Amylase (EC 3.2.1.1) is present in all prokaryotes and eukaryotes, which is endo-acting hydrolase that hydrolyzes α-1,4-glycosidic linkages in glucan polymers, such as starch and glycogen. The Carbohydrate-Active enZymes database (http://www.cazy.org/) places all α-amylases in one of four glycoside hydrolase (GH) families (GH13, 57, 119, and 126). Many α-glucan hydrolases, such as α-glucosidase, isoamylase, and pullulanase, are placed with α-amylase in GH13. Although overall sequence identity within GH13 is extremely low, most members have a highly conserved (β/α) 8 -barrel structure as a basic scaffold [30] . Rice α-amylases with confirmed enzyme activities belong to the subfamily of GH13_6 with their wheat and barley homologues [31] .
AmyI-1 encoded by Oryza sativa Amy1A is the most dominant enzyme protein in rice plant, especially in the germinating seed [14, 17] , and exhibits unique thermostable character resulted from the possession of N-linked oligosaccharide side-chain [18, 32] . Recently, the three-dimensional structure of AmyI-1 has been solved at 2.2-Å resolution [28] . The X-ray crystallography has shown that AmyI-1 is composed of a (β/α) 8 -barrel structure and does not have N-linked sugar chain [28] . Therefore, further investigation of its three-dimensional structure with oligosaccharide side-chain is necessary to understand the enzymatic and protein function of AmyI-1.
Cell biological aspect
It is widely recognized that α-amylase is typical secretory enzyme in mammals and plants. In germinating cereal seeds, the scutellar and the alurone layer tissues express and secrete α-amylases to the starchy endosperm. In barley and wheat, their researchers have been more focused on the GA-responsive α-amylase production and its regulatory mechanism in the aleurone layer. On the other hand, the major interest has concerned the biosynthesis and intracellular transport of AmyI-1 glycoprotein in the scutellar epithelium per se in rice. It has been clear that such distinction was ascribable to structural differences As the N-linked sugar chain is characteristic of AmyI-1, the conformational differences in the binding site among α-amylases at Asn , which are not conserved in barley α-amylases, suggest that N-type glycosylation is necessary for the tertiary structure of AmyI-1, including the N-linked sugar chain.
Characterization of the structure of oligosaccharide chains conjugated to AmyI-1 showed that 53.0% of AmyI-1 glycoforms correspond to complex-type oligosaccharide chains with xylose residues, and 37.3% correspond to the high-mannose-type forms [36] . ) were recently detected through the use of a rapid, high-throughput glycoblotting method [37] . Finally, 29 different oligosaccharide side-chains were confirmed and determined in the AmyI-1 glycoprotein [37] . Prepared recombinant AmyI-1 used in the crystallographic studies with those in the wild-type plants [14] . The slow germination appears to be due to the reduction of carbon source supply by the amylolytic breakdown of reserve starch in the endosperm of the AmyI-1 KD line. As expected, the rate of germination of AmyI-1 KD was overcome under a sugar-supplemented condition [14] . While totally unexpected, the suppression of AmyI-1 significantly increased the starch content in rice leaves [14] , suggesting the involvement of α-amylase in starch degradation in the plastids of living cells. In electron microscopy observations, the exogenous supplementation of sucrose to the wild-type and ectopic overexpression of AmyI-1 (AmyI-1 OE ) showed that the starch storage amyloplasts were entirely filled with ripe starch granules in wild-type, whereas AmyI-1 OE had abnormal starch granules with large interspaces. In addition, heavy and clustered immunogold labelling of AmyI-1 was detected in the amyloplasts and small membrane vesicles in the AmyI-1 OE cells, but also slight labelling was detected in the wild-type cells [15] . Microstructure observation of high-pressure quick-frozen cells revealed the tight association of the Golgi stacks with the plastid envelope membrane; and the small membrane vesicles with AmyI-1 cargo, probably derived from the Golgi apparatus, adhered to the envelope membrane of the plastids. A hypothetical model for plastid targeting of AmyI-1 is shown in Figure 2 .
Imaging analyses of rice and onion cells transiently expressing AmyI-1-green-fluorescent protein (GFP) showed of the enzyme molecules and morphological differences of the aleurone layers surrounding the starchy endosperm between the two cereal groups. There has been a long and widely prevailed fixed belief that GA formed in the scutellar tissues is transported to the aleurone layer, where it induces the α-amylase biosynthesis in cereal seedlings. The "aleurone concept", based primarily on studies using barley, is in sharp contrast to the "scutellum concept" which implies the dominant role of the scutellum in α-amylase production in the germinating seeds [38] . The predominance of "scutellum concept" has been acknowledged in the germinating rice seeds [18, 39] .
N-glycosylation of secretory glycoprotein is initiated in the endoplasmic reticulum (ER) by the transfer of precursor glycans to asparagine residues in the Asn-X-Ser/ Thr sequence of the nascent polypeptide, and the Golgi compartments are involved in processing and maturation of N-glycans [40] . As mentioned above, more than half of N-linked oligosaccharide side-chains of AmyI-1 in germinating rice seeds were occupied with the complextype glycans. Furthermore, the modification of N-glycan chains in AmyI-1 was demonstrated to be controlled under incubation conditions, such as temperature and Ca 2+ concentration [41] . Thus, Oryza sativa AmyI-1 was well characterized as a secretory glycoprotein.
It has been reported that, in the lines of AmyI-1 knockdown mutant (AmyI-1 KD ), seed germination and seedling growth were markedly delayed in comparison The fact that α-amylase with heat tolerance and strong activity locates and functions in amyloplast (plastid) of living cells strongly suggested the possibility of affecting brown rice quality due to abnormal expression at ripening stage.
Physiological aspect
It is predicted that most of Japan will experience a 2.5 to 3.2 o C rise in mean air temperature in summer and autumn within the next century years (Japan Meteorological Agency: http://ds.data.jma.go.jp/tcc/tcc/products/gwp/ gwp8/). This warming trend will affect many aspects of crop production [49] . Even though rice has a tropical origin, its grain filling process is vulnerable to high temperatures, i.e. temperatures above 26 o C disturb grain that the AmyI-1-GFP largely overlapped with the plastids [15] . Examination of the effects of dominant-negative and constitutive-active mutants of AFR1 and SAR1 GTPases on the plastid targeting of AmyI-1-GFP showed that the targeting was perfectly prevented in cells of AFR1 and SAR1 mutants. Sar1 and Arf1 GTPases are necessary for membrane traffic between the ER and Golgi apparatus in plant cells. Arabidopsis carbonic anhydrase [42] and rice nucleotide pyrophosphatase/phosphodiesterase [43] were also N-glycosylated and transported to chloroplasts in leaves and suspension-cultured cells. Both glycoproteins were targeted to plastids in a Brefeldin A-sensitive manner [44] . Thus, it was suggested that the membrane trafficking from the ER-Golgi system would be necessary for the plastid targeting of these glycoproteins. Three-dimensional timelapse imaging demonstrated that the Golgi membrane vesicles appeared to be taken up and spread inside the plastid [15] . Moreover, electron microscopy observations of quick-frozen cells showed the moment of plastid entry of membrane vesicles as the vesicles were passed through the plastid envelope membranes. These observations strongly suggest that a novel vesicle-trapping mechanism operates in AmyI-1 importation into plastids [45] .
It is widely accepted that most plastidial proteins are synthesized on free polysomes as precursors with an N-terminal transit peptide and are translocated posttranslationally through the Toc/Tic complex into the organelles [46, 47] . However, the predicted precursor sequence of AmyI-1 contains a signal peptide for translocating to the ER lumen but no transit peptide. Examination of the transient expression and localization of a series of C-terminal truncated AmyI-1-GFP fusion proteins indicated that AmyI-1(∆370-428), containing the full A and B domains, was normally targeted into the plastids like the full-length AmyI-1, but further deletion caused the gradual loss of plastid targeting ability, until AmyI-1(∆301-428) no longer caused plastid localization [15] [28, 48] . Amino acid sequence alignment of rice α-amylase isoforms revealed that AmyI-1 has 12 unique amino acid residues in the region from 301 to 369. Of these amino acids, Trp 302 , Thr
307
, and Gly
354
, located in different regions in the three-dimensional structure of the protein, were selected for site-directed mutagenesis experiments. activity of Amy3E failed to produce chalky grains, probably owing to its low specific activity with intact starch [60] . In contrast, RNAi-mediated suppression of the α-amylase genes mitigated chalky grain production [56] , confirming that the heat-induced expression of α-amylases in developing endosperm triggers grain chalkiness.
Genetic mutation as an alternative way to cancel the untoward effects of α-amylase on grain quality has been broadly employed to generate rice mutant populations [61] . Defective mutations of α-amylases genes, especially Amy1A, Amy3C, and Amy3D (whose expression is induced in developing endosperm by high temperatures), in the mutant populations could be explored by the TILLING high-throughput screening method [61, 62] and incorporated into the elite cultivars to enhance tolerance to high temperatures. However, since α-amylases are indispensable for remobilization of stored starch during seed germination, their complete deletion might delay or abolish germination and seedling vigour. But as seeds are germinated at lower temperatures, whereas chalky grains occur at high temperatures, heat-labile mutants of α-amylase could be developed to escape high temperatures-induced decay of starch and subsequent loss of grain quality without affecting seed germinability [60] . Although endogenous α-amylases can be activated at high temperatures and can withstand temperatures higher than 50 o C [28, 60] , several mutations are known to decrease the heat stability of the enzymes. To overcome the loss of grain quality that global warming is expected to cause, further elucidation of the physiological roles and significance of respective α-amylases in ripening grains is needed.
Perspective
α-Amylases are widely known enzymes used in various fields of medicine, industry, and agriculture. They are well studied in many aspects, but new aspects continue to emerge. It was recently demonstrated that α-amylases interact not only with starch and starch-related molecules, but also with some widespread molecules, including tartaric acid; target glycoproteins to plastids via the membrane traffic through the secretory pathway; and are involved in grain chalkiness caused by heat stress. This new knowledge at the cellular and molecular levels gives new insights into the biological functions and biotechnological uses of α-amylase, including the diversity of physiological functions and new strategies for improving protein quality in rice grains and for controlling grain chalkiness. A new era of α-amylase study is begun. filling and often generate chalky immature grains with decreased weight [50, 51] , and with low commercial value due to reduced efficiency of milling [52] . In contrast to normal translucent grains, which are densely packed with polygonal starch granules (Fig. 3A) , the chalky parts of affected grains retain small air spaces among rounded starch granules [49, 53] . This structure scatters light and leads to the chalky appearance. Furthermore, in severely chalky grains, numerous small pits on the surface of starch granules were observed [13, 53, 54] (Fig. 3B) , implying the degradation of stored starch during ripening stage at high temperaturs.
Studies in which panicles and the rest of the plant (leaves and roots) were separately exposed to different temperatures revealed that the exposure of ripening grains to high temperatures is sufficient to produce chalky grains, but the exposure of the leaves and roots has little effect [45] , clearly indicating that ripening grains are the most heat-sensitive organ in terms of grain chalkiness.
Comprehensive transcriptome, proteome, and metabolome analyses [12, 13, 55, 56, 57] revealed that following exposure to high temperatures, ripening grains experienced reduced expression of pivotal starch biosynthesis genes, such as granule-bound starch synthase I (GBSSI), which is indispensable in amylose synthesis, and starch branching enzyme IIb (BEIIb), which is crucial to the amylopectin branched structure, whereas that of α-amylase genes and starchlytic activity were induced. These responses suggest that starch degradation is activated and starch biosynthesis is repressed in grains exposed to high temperatures, counteracting the deposition of starch in the developing endosperm. Consistent with this, soluble sugars, including maltooligosaccharides, were accumulated in chalky grains at the expense of stored starch [13, 56, 58] . Whereas in germinating seeds, in which α-amylases are expressed and secreted from the scutellum and aleurone, in developing seeds, a suite of α-amylase genes [Amy1A(AmyI-1), Amy3C(AmyII-6), and Amy3D(AmyII-4)] were induced in specific regions of the endosperm, as well as in areas around the scutellum and aleurone [58] . This spatial pattern coincides with the sites where chalkiness occurs, suggesting that these isoforms are responsible for triggering the loss of grain quality.
To evaluate the significance of α-amylase in grain ripening, plants overexpressing each of eight genes encoding α-amylases in the ripening endosperm under the control of constitutive or endosperm-specific promoters were generated. Even at normal ripening temperature, the ectopic expression of α-amylases other than Amy3E led to severely chalky grains [58, 59] . Unexpectedly, increased
